Electrooxidation of phenol was studied on platinum electrode in five aprotic nonaqueous solvents (acetonitrile, dimethyl sulfoxide, dimethyl formamide, acetone, and tetrahydrofuran) with cyclic and normal pulse voltammetry. The cyclic voltammetric results showed that fouling of the electrode surface by the polyphenol took place continuously in dimethyl formamide and a weak passivation of the electrode could be observed in dimethyl sulfoxide. From this solvent, a coherent and mechanically removable, weakly adsorbed layer could be obtained. In the other three solvents, the electrode passivated completely after five scans. Diffusion barrier properties of the polymer formed in acetone were the most pronounced of all solvents towards a redox probe. Normal pulse voltammetric investigations showed that the extent of electrode passivation is insignificant in three of the solvents used. It was due to the application of the short anodic potential pulses where the oxidation of phenol occurred and the formed oligomers diffused into the bulk of solution.
Introduction
Phenol is used in industrial processes, and it is also an environmentally hazardous material. Several works aimed to explore the electrochemical behaviour of different phenols for several reasons but mostly in aqueous solutions. Generally, the problem is during their electrooxidation the film formation at the surface of the commonly used bare electrodes (glassy carbon, Pt, Au) and they foul quickly [1] [2] [3] [4] [5] [6] [7] ; thus, many limitations arise from this fact. For example, electrochemical determination of the most phenolic compounds in different samples encounters difficulties as reactivation of electrode surface makes the procedure more lengthy. In aqueous solutions, phenol can be oxidized in parallel to the polyphenol film also to 1,4-dihydroxibenzene which oxidizes further to the corresponding benzoquinone [8] .
However, in many cases electrode fouling is a problem; in respect of some applications the formed film might have advantageous properties. In the literature, a large amount of reports can be found in concern of aqueous solutions, but less article is about the electrochemistry of phenols in non-aqueous solvents, particularly where the study of unsubstituted phenol was the subject of the work. Especially quinones and non-fouling phenols were studied with voltammetric techniques in acetonitrile [9, 10] . There are works where tetramethylammonium phenolate was electrochemically oxidized in acetonitrile resulting a poly(phenylene oxide) layer on Pt and Au electrode [11] . During electrooxidation of phenol PPO film was also deposited onto ITO surface and the film exhibited electrically non-conductive properties; thus, it was tested in design of nanoscale structures [12] . Investigation of electrode fouling processes in different media explores the properties of the formed films which might be interesting due to many applications, mainly corrosion protection [13, 14] , size exclusion properties (molecular sieving) [15, 16] . The latter is widely investigated, and the structure of the deposited polymer film can vary depending on the solvent. Film porosity determines the diffusion transport barrier properties, and redox species can be selected to estimate the permeability. There are some works about the electropolymerization of halogenated phenols from their transition metal complexes and electroinitiated polymerization of phenols having unsaturated side chain mainly in acetonitrile and dimethyl formamide [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] . Application of a strong pyridinetype base determines the product of electrooxidation of phenols; for example, in case of 4-tercbutylphenol the corresponding dimer forms [27] . Bisphenol A was also studied with anodic oxidation in aprotic organic solvents [28] . Ionic liquids provide also an appropriate medium for electrooxidation processes due to their wide potential window. Some phenols showed reversible electrochemical behaviour using ionic liquids as solvent [29, 30] .
Further electrochemical importance, our previous investigations have shown that deposition of other aromatics onto nanostructured surface of semiconductors, such as adsorption of carbon nanotubes onto CeO 2 or ZnO surfaces, shows itself strong dependence on the solvents used [31, 32] .
Another significant aspect of the investigation of surface polymer films in non-aqueous solvents is the electrochemical renewing of the working electrode after their deposition. In contrast to water many other solvents can provide wider potential window; thus, reactivation of electrode is also possible [30] .
In this work, we present the results of the electrooxidation of phenol in five nonaqueous solvents using two techniques, cyclic voltammetry and normal pulse voltammetry. As permittivity of the solvent is a critical factor by the electrochemistry of compounds in aprotic non-aqueous solvents, they were selected according to their different dielectric constants. Emphasis is on the film formation, film compactness and composition.
Materials and methods
All chemicals and solvents were analytical grade. As the electrochemistry of phenols is influenced by water content in non-aqueous solvents, freshly purchased anhydrous liquids were used without purification and the solutions were freshly prepared. The water was present in the liquids in concentrations around 10 −3 M. As working electrode Pt disc (1 mm in diameter) was used, sealed in polyetheretherketone (product of eDAQ). The counter electrode was a Pt wire with diameter of 1 mm and a silver wire served as reference electrode in non-aqueous solvents. By measurements taken in aqueous solutions, saturated calomel (SCE) electrode was the reference. Before use in most of investigations, the Pt electrode was wet polished on a polishing cloth with 1 and 0.05 μm alumina powder. Then, it was thoroughly washed with deionized water. Then, the electrode was placed in doubly distilled water and its surface was cleaned in an ultrasonic bath to remove the physically adsorbed species and thoroughly washed with deionized water. All electrodes were rinsed with dry acetone directly before measurements to remove the traces of water and again left to dry. Tetrabutylammonium perchlorate (TBuClO 4 ) was used as supporting electrolyte in non-aqueous systems and KCl in aqueous solutions. The solid materials were stored in a desiccator placed into the dark to minimize the introduction of water into the prepared solutions. The prepared solutions of phenol were stored in dark as it is a light-sensitive material. Before the experiments, oxygen purging was not applied.
The electrochemical experiments were carried out at ambient temperature (25 ± 2 °C) with a potentiostat (eDAQ Pty. Ltd., Australia) which was connected to a computer for data acquisition.
Micro-Raman investigations were carried out with a LABRAM HR spectrometer (Horiba Jobin-Yvon, Lille, France). Before all spectroscopic studies, the working electrode was cleaned according to the procedure described previously. After the cleaning, electrodeposition of phenol was accomplished from its solution made with the corresponding solvent in the potential range where phenol electrooxidation took place by application of ten subsequent cyclic voltammetric scans with scan rate of 0.1 V/s. Finally, the electrode was washed with the pure solvent to remove the unreacted phenol and supporting electrolyte from the polymer film. An exception was the polymer formed in dimethyl sulfoxide where it was soaked in pure dimethyl sulfoxide for 5 min and finally thoroughly washed with doubly deionized water to remove completely the solvent. For the complete solvent evaporation the electrode was kept in air for 10 min. The electrode was fixed under the objective of the spectrometer, and the ocular was focused to a point at the platinum surface where a significant amount of deposited polymer could be found. It was illuminated to a red laser light (λ = 632.81 nm) to investigate the electrodeposited polymer.
For the fluorescence measurements, a Fluorolog3 Horiba Jobin-Yvon spectrofluorimeter (Lille, France) was used and a Specord Analytik Jena photometer was applied for taking the absorbance spectra.
Results and discussion

Cyclic voltammetric studies of phenol in the different solvents
An important property of solvents is the potential window where they are stable and can be used to study different soluted compounds. Insets of Fig. 1 show the corresponding cyclic voltammetric curves for the pure solvents containing 0.1 M TBuClO 4 as supporting electrolyte. Significant current raising up could be observed close to 2 V in case of acetonitrile; thus, this solvent provides a wide potential window for studying different compounds. Due to this property, acetonitrile is widely used as an inert non-aqueous solvent [33] [34] [35] . Compared with the other selected solvents, it has far the smallest background current except for tetrahydrofuran. The current increased slowly in tetrahydrofuran due to the large ohmic drop caused by its low permittivity, and therefore the extent of ion association of supporting electrolyte was high. This observation was certified by adding a non-fouling and soluble redox active compound, hydroquinone (1,4-dihydroxibenzene) to the solution in 50 mM concentration and no voltammetric peak appeared in the selected potential window (not shown). The other solvents oxidize above 2 V, so they can be used between 0 and 2 V to study oxidization processes. In the investigated solvents, the platinum electrode is stable during anodic polarization in the applied potential regions.
By the electrochemical oxidation of phenol, a phenoxy radical forms which couples with another radical or unreacted phenol. The electrode fouling process is based on the continuous entrapment of phenolic units to the formed polymer. In non-aqueous solvents, the pathway leading to the formation of poly(phenylene oxide) is valid to describe the mechanism for the film formation [3, 28, [36] [37] [38] . The layers which can be electrodeposited are electrically non-conductive and depending on their permeability they can isolate the electrode from the solution containing the electroactive compound under study.
Because of the appearance of the voltammetric peak of phenol in the first scan, a wide window was selected for the solvents, between 0 and 2 or 2.5 V. Five subsequent cycles are shown in Fig. 1 for 50 mM phenol solutions prepared with the selected non-aqueous solvents, respectively. In acetonitrile, the current raised sharply during the first scan resulting an anodic peak around 1.5 V. The fouling of the electrode surface occurred, and during the next scans very small current intensities could be obtained due to the poly(phenylene oxide) formation in accordance with the finding in the literature [11] .
The blocking effect caused by polymer formation could be observed also in acetone indicating also that the product of the electrode process is sparingly soluble in this solvent. However, after the large anodic peak at 1.73 V in the first scan there was a small peak in the second scan. Smaller peaks appeared also in the further scans suggesting that the formed film is permeable for the phenol molecules. To verify this hypothesis, the recording of subsequent voltammograms was repeated immediately after each other between 1 and 2 V, but from the second scan peaks did not appear showing that shorter times were available for the filling up of the pores of polymer film by diffusion with phenol molecules. In dimethyl formamide, the first voltammetric curve does not contain any peak due to the overlapping of the oxidation of phenol and the solvent. Formation of polyphenol took place at the electrode surface which is indicated by the appearance of peaks in the next curves around 1.7 V which is lower than the potential where dimethyl formamide begins to oxidize. Their height decreased slowly from the second to the fifth curve showing that the formed product does not passivate strongly the working electrode. Compared with the cyclic voltammogram of the pure solvent with the ones recorded in the presence of phenol, the current measured at 2.5 V was sufficiently smaller in the solution of phenol showing that only a part of the electrode surface was accessible for the solvent molecules due to the formed polyphenol.
Dimethyl sulfoxide proved to be an appropriate solvent to minimize the fouling effect, but the voltammograms do not contain any qualitative information regarding the phenol electrooxidation as solvent oxidization significantly overlapped with the studied charge transfer process. Around 1.7 V oxidation waves showed up that are attributed to the oxidation of phenol. The voltammograms are almost the same indicating that the electrode passivated weakly. The explanation for the results might be the structure of the formed polymer in dimethyl sulfoxide as it is very permeable. After thorough washing, a light brown layer was visible on the platinum surface and a coherent film consisting of polymers formed during the repetitive scans. The oxidation reactions could take place underneath the layer.
The curves recorded in tetrahydrofuran show ohmic behaviour in accordance with the previously obtained results with 1,4-dihydroxybenzene. The electrode reaction resulted also in an electrode fouling polymer, and electrode reaction was shut off by the fifth scan. Contrarily to the low currents, a thin and coherent film deposits from tetrahydrofuran.
Spectroscopic studies of the electrodeposited films and other products
According to the infrared absorption of the aromatic systems around 1600 cm −1 (stretching vibration), micro-Raman spectra were recorded between 1430 and 1730 cm −1 for each polymer electrodeposited from the corresponding solvent. An image from each polymer coated surface and the spectra are collected in Fig. 2 . The images reveal that the surface is covered by polyphenol in various thicknesses. The film deposited from tetrahydrofuran has an arbitrary structure showing that electrodeposition of polymer was favoured in the surface inhomogeneities. Around 1600 cm −1 , a broad peak appears that might be attributed to the aromatic stretch whose intensity is in correlation with the density of the layer. Around 1670 cm −1 , a smaller peak shows up attributable to the C=O and conjugated C=C double bond stretch in different intensities by all films. There are also compounds having peaks of these functional groups in the region of 1670 and 1715 cm −1 [39] [40] [41] [42] [43] . Their intensities indicate that the cyclohexadienone units are also present in the films which form from the phenoxy radical and then, the other phenol molecules join to it. According to other works carried out in acetonitrile, it can be concluded that the electrodeposited product is poly(phenylene oxide) in each solvent as the spectra are similar, but the film formed in tetrahydrofuran has more cyclohexadienone unit than the other ones. The micro-Raman investigations for the polymer formed in dimethyl sulfoxide were extended to other spectral ranges for additional information about polymer composition (not shown). Previously, a large overlapping of solvent and phenol electrooxidation could be observed and coupling of the different radicals might be also possible. This is important to mention as electrooxidation of the solvent can also lead to the formation of radicals. No additional peaks appeared in the range of C-H stretching vibration (between 2800 and 3000 cm −1 ) characteristic for the CH 2 and CH 3 groups reinforcing that moieties of solvent molecules are not present in the polyphenol film. Furthermore, spectra were recorded also between 500 and 700 cm −1 where characteristic peak for the S=O double bond stretching appears. In this spectral range, there was no any peak. However, the formation of dimers and oligomers by coupling of a phenoxy radical and a radical formed from dimethyl sulfoxide molecules cannot be excluded. This reaction can result in a cyclohexadienone derivative which can dissolve in the solution phase, and after its production it can diffuse away from the polymer film. Six subsequent constant potential electrolysis was carried out in a dimethyl sulfoxide solution containing 0.1 M phenol. Their time was set to 90 s keeping the potential of the working electrode at 2 V in accordance with the appearance of oxidation waves of phenol. After electrolysis, a light brown layer formed which could be taken off mechanically from the electrode surface which shows that the in situ growth of polyphenol-based membranes might be possible in concentrated monomer solutions. Between the electrolysis times, the electrode surface was polished and thoroughly washed with doubly deionized water and dried according to the procedure described in "Materials and methods" section. The colour of the solution changes during the electrolysis from colourless to light brown suggesting the formation of solution of the polymer.
For complementary information concerning the products, the solutions were ten times diluted with pure dimethyl sulfoxide and then, absorbance measurements were taken between 280 and 500 nm in pure dimethyl sulfoxide, in the initial and electrolyzed solution prepared with dimethyl sulfoxide. The part of the spectrum containing the range where the difference between the two solutions is the most remarkable can be seen in Fig. 3 . In that wavelength range, dimethyl sulfoxide has weak absorption and the absorbance of the electrolyzed solution was larger than the absorbance of the solution without electrolysis in the wavelength range between 310 and 400 nm. This is due to the soluble polymer molecules.
To get deeper insight into the identity of products fluorescence spectroscopic investigations were carried out between 300 and 500 nm with the electrolyzed and original solution by using 310 nm excitation wavelength (Fig. 4) . The reason was for that the difference between the two curves was the highest at 310 nm. The curves clearly show that the oxidized forms of phenol presenting in solution have a large fluorescence peak which is shifted to larger wavelength compared with solution containing phenol monomer indicating the presence of soluble polymeric products.
The formed polymers are scarcely soluble in the selected solvents except for dimethyl sulfoxide as the light brown colour appeared during the electrolysis indicated it. In this solvent, the polymer solubility was evaluated by using the Polymer Bulletin (2019) 76:5849-5864 absorbance curves taken in the ultraviolet region for phenol. Due to the electrolysis, the concentration decreased by 37% of the initial value (diluted to 10 mM) which composed of the polymer quantity precipitated forming membrane at the electrode surface and the polymer particles dissolved in the solution. The membrane was peeled off from the electrode surface and washed thoroughly with distilled water to remove the unreacted phenol and supporting electrolyte from it. After drying, its mass was weighted. By taking the molar mass of phenoxy units, the molar quantity of phenol could be calculated and then the equivalent concentration change of the solution knowing its volume. The difference between the change calculated directly from the calibration curve and the equivalent change due to the membrane formation results in the concentration of phenol presenting in the solution in form of polymer. Due to the presence of different length chains, the polymer concentration can be added in the form of concentrated solute mass. Multiplying by the molar mass of phenoxy unit, the solubility is 34.44 mg/L. 
Complementary voltammetric studies in acetonitrile
As acetonitrile has a wide potential window for oxidation processes, the cyclic voltammetric experiments with phenol were extended to 3 V (Fig. 5) . At potentials higher than 2 V, the current raised sharply at each scan which is due to the electrooxidation of the formed film at 1.4 V and unreacted phenol molecules. The previously (around 1.4 V) formed polyphenol film was removed from the electrode surface caused by the dissolving by acetonitrile. In another work, effect of addition of acetonitrile to ionic liquids was investigated on boron-doped diamond electrode [30] . It was found that acetonitrile breaks attractive forces between the formed polymer and electrode surface at higher potentials. At platinum electrode similar phenomena play a key role in the surface activation. So, instead of the continuous decreasing the currents between 2 and 3 V increased continuously in the subsequent scans until a saturation could be reached. In contrast to the voltammetric peaks obtained in the subsequent scans between 0 and 2 V, the peak heights of peaks appeared at 1.4 V from the second scans were almost identical. It evidences that the electrode surface was anodically cleaned partially and the peak heights in cycles 2-5 were present and are remarkably higher than by cycling between 0 and 2 V. It shows that a significant portion of the electrode surface area was accessible for the further electrooxidation process.
Performance of the electrode coated with the polyphenol films in electrode reactions of another redox active substance
In order to get more insights into the properties of the electropolymerized polyphenol films, their diffusion barrier properties were tested by selecting K 3 [Fe(CN) 6 ] as a redox probe and its 5 mM aqueous solution was used containing 50 mM KCl as supporting electrolyte. The film electrodeposition from the different non-aqueous solvents was carried out between 0 and 2 V or between 0 and 2.5 V similarly to the electrodeposition illustrated in "Cyclic voltammetric studies of phenol in the different solvents" Section (v = 0.1 V/s). Ten cyclic voltammetric scans were applied ion. It can be attributed to the higher pores presenting in the film permeable for the redox probe molecules.
Performance of normal pulse voltammetry in the electrooxidation of phenol
By studying electrooxidation of phenol with cyclic voltammetry, the film formation is based on the application of anodic polarization for longer times resulting smaller and smaller voltammetric peaks by repeating the scans. The time of polarizing the working electrode to the potential appropriate for the electrooxidation of phenol is also a dominant factor in passivation of the electrode. The examination of techniques applying periodically interrupted potential program explores new alternatives also in electroanalysis. Normal pulse voltammetry (NPV) applies incrementally increased potential pulses where the pulse potential changes linearly from the base potential (where the scanning is started from) to the final potential (where the measurement ends). Electrode process occurs only during the pulses whose width is usually in the millisecond range. Between the pulses (this time is termed pulse interval), there is no electrode process as the electrode potential must be set to the base potential where the electroactive material does not react. If the pulse width is shortened significantly, it contributes to suppression of the fouling process and higher current signals can be obtained due to the large flux of electroactive material to the electrode. This technique was also tested in the electrooxidation of phenol in the selected aprotic non-aqueous solvents.
In the different solvents containing only 0.1 M TBuClO 4 , normal pulse voltammograms were recorded to see how the background current changes between 0 and 3 V by 0.1 V/s scan rate and 5 ms pulse width (insets of Fig. 7 ). This 5 ms pulse interval was a compromise as by setting smaller values the measured currents would interfere with the condenser current flowing in the first milliseconds and at higher values the possibility of the electrode passivation is significant. The anodic potential window was extended here to 3 V as the signal shifted to more positive potentials. Base potential was set to 0 V. By wider pulse widths, the electrode passivation was significant. Similarly to the cyclic voltammetric results, low currents could be obtained in acetonitrile and tetrahydrofuran in contrast to the other three solvents having high background current at potentials higher than 1 V.
Five subsequent normal pulse voltammetric curves were recorded in the different solvents containing 50 mM phenol in the same conditions as in the pure solvents (Fig. 7) . Generally, in an electrode process where fouling cannot take place the signal is a current plateau as function of potential. In contrary, when phenol was the electroactive compound current peaks appeared in the voltammograms taken in acetonitrile and acetone indicating that the electrode surface is also blocked by the formed polymer but speed of peak current decrease was sufficiently smaller than in the cyclic voltammetric experiments.
In dimethyl formamide, dimethyl sulfoxide and tetrahydrofuran, there were no anodic peaks and the curves recorded in the subsequent measurements were almost the same indicating that electrode passivation does not take place. On the other hand, currents increased linearly by increasing the pulse potential. Previously, in the cyclic voltammetric studies peaks of phenol oxidation could be observed in dimethyl formamide, but in NPV the current increased linearly from 1.5 V. In the potential range where phenol and solvent react, the slope of the NPV curves is smaller than in the pure solvents. It also indicates that these solvents are not good for electrochemical investigation of phenol, but the findings clearly show the absence of continuous electrode poisoning. Only the currents measured at the end of the short potential pulses are collected by the instrumentation, and during the potential pulses only smaller oligomers formed and they were still present at the electrode surface. During their formation, they hindered the diffusion of other molecules to the electrode surface and the subsequent diffusion into the bulk occurred in the pulse intervals where the potential was 0 V.
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Conclusions
The results obtained with phenol electrooxidation in different aprotic non-aqueous solvents showed that polyphenol film formation can also take place at the electrode. Fouling effect was less significant by using normal pulse voltammetry compared with cyclic voltammetry in all of the solvents. Dimethyl sulfoxide can provide an excellent solvent for electrolysis of phenols and other organic compounds, and it is a good solvent for electrochemical in situ synthesis of polyphenol-based membranes which is a subject of our future investigations. The permeability tests showed that the size exclusion was the most significant in case of film deposited from acetone. Acetonitrile is the most promising of the selected solvents in respect of electrode reactivation as it can provide an appropriate medium polarizing the electrode to potentials above 2 V for the removing of the formed polymer film. Further investigations are needed to clarify its usefulness in electrode reactivation after electrodeposition from different media.
Although dimethyl sulfoxide, dimethyl formamide and tetrahydrofuran are not good in respect of investigation of phenol due to the significant overlapping of their electrooxidation, films having specific properties can be built with the use of these solvents. Especially, the layer formed in dimethyl sulfoxide might be useful in future applications.
